We report the discovery of a new B-lymphocyte-specific enhancer-binding protein. A series of gel retardation assays using fragments that scan the -2172 to -1180 region of the major histocompatibility complex class II gene E. reveal a site (W) that serves as the recognition sequence for two nuclear proteins, one B-cell restricted and the other ubiquitously occurring. Certain characteristics of the NF-W1 and NF-W2 pair recall the OTF-2/ NF-A2 and OTF-1/NF-Al pair that binds to the immunoglobulin octamer, but we demonstrate that the two protein pairs are distinguishable by several criteria. NF-W1 and NF-W2 interact differentially with their common GTTGCATC binding site, display a different affinity for it, and have molecular weights that differ by about 20,000. Yet, proteolysis experiments and cross-linking analyses indicate that the two W complexes show structural relatedness.
B lymphocytes are a favored system for studying celltype-specific regulation of gene transcription. To a great extent, this may be ascribed to the availability of an array of cultured cell lines representing discrete stages in the B-cell lineage. It may also be attributed to the existence of wellcharacterized gene families coordinately regulated throughout B-cell differentiation: the immunoglobulin heavy-and light-chain genes and the major histocompatibility complex (MHC) class II genes.
The B-cell specificity of immunoglobulin gene expression is dictated by multiple regulatory elements (23) . Reports have appeared of a tissue-specific enhancer (4, 27, [30] [31] [32] , a tissue-specific promoter (10, 12, 13, 26, 32) , tissue-specific silencer elements (17, 18, 20, 43, 45) , and perhaps sequences residing in the body of the gene (14) .
Much less is known about the regulation of MHC class II gene expression in B cells. The 5'-flanking region of the murine Ea gene shows B-cell-specific enhancer activity that is due to the interplay of two regulatory elements, one located on the -2172 to -1148 fragment and another in the -215 to +12 region (21, 21a) . Additional evidence that discrete B-cell-specific elements operate to control EBa gene expression has been provided in transgenic mouse studies; mice carrying an Ea transgene 5' truncated to position -1180 do not transcribe it in essentially all B cells, even though expression is more or less normal in other cell types (9a, 42, 46 ). Yet, no convincing evidence has ever been presented for a B-cell-specific protein interacting with the Ea promoter. Two proteins (NF-X and NF-Y) are known to bind to highly conserved motifs (the X and Y boxes) of Ea and other MHC class II genes, and these proteins have been extensively characterized (8, 9, 15, 21a, 29, 40) . But they are ubiquitously occurring proteins that bind to sequences in the promoter-proximal region whose influence is felt in all cell types that express class II molecules (5, 9, 40) . In short, we have very little understanding of how MHC class II genes are regulated in B cells.
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In this report, we describe a B-cell-restricted and a ubiquitously occurring protein that share a common binding site along the Ea 5'-flanking region. Certain parallels are noted between the NF-Wi and NF-W2 pair binding to the E. W sequence and the OTF-2INFA-2 and OTF-1/NF-Al pair recognizing the immunoglobulin octamer sequence, but we demonstrate that these two protein pairs are not the same. Evidence is provided that NF-Wi and NF-W2 bind differently to the GTTGCATC recognition sequence, that they have distinguishable affinities for it, and that they have distinct molecular weights, but that by two independent criteria, NF-Wi and NF-W2 are structurally related.
MATERIALS AND METHODS
Cell lines. All the cell lines used in this study were of murine origin and were M12, CH27, and WEHI 231 (Blymphoma lines that constitutively express MHC class II molecules); 70Z/3 (a pre-B-lymphoma line that is class II negative); BW5147 (a T hybridoma, also class II negative); LMTK (a fibroblast); MCA (an epithelial cell line); T-113 (a teratocarcinoma); and P388D1 (a macrophagelike line that can be induced to express MHC class II Methylation interference mapping was conducted according to a published protocol (8) .
Structural studies: pore gradient gel electrophoresis, protease treatment, and formaldehyde cross-linking. Pore gradient gel electrophoresis was performed as described by Hooft van Huijsduijnen et al. (15) , except that a 10 to 15% gradient of polyacrylamide was used.
Protease treatment after the binding reaction has also been described (15) . In some experiments, crude nuclear extract was digested with protease (10 to 200 ng of proteinase K or 1 to 100 ng of trypsin) for 15 min before the 30-min binding reaction of a methylation interference assay.
For the cross-linking experiments, a typical gel retardation assay was run, except that the reaction volume was increased 3-fold, the labeled DNA 30-fold, the poly[d(I-C)] 3-fold, and the extract 3-fold. NF-W1 and NF-W2 bands were located by autoradiography of the wet gel, and the excised bands were incubated in 1 ml of 0.5x TBE-1% formaldehyde at 4°C for increasing times from 5 min to 12 h. Cross-linked complexes were extracted from the gel by electroelution, precipitated with 5 volumes of acetone, and electrophoresed on a 12.5% sodium dodecyl sulfate-polyacrylamide gel. Radioactive bands were located by autoradiography.
RESULTS
Search for a B-cell-specific DNA-binding protein. Two types of experiments have established that the -2172 to -1180 region at the 5' end of the E,,, gene is critical for its expression in B cells. First, this fragment shows potent B-cell-specific enhancer activity. That is, it can very efficiently stimulate transcription when cloned one kilobase upstream of a heterologous promoter, but only in mature B cells that normally express class II genes (21) . Second, sequences in this region are required for expression of an E., transgene in the B cells of transgenic mice (9a, 42, 46) .
With these results in mind, we sought to localize sequences on the -2172 to -1180 fragment that might serve as the recognition site for a B-cell-specific DNA-binding protein. We launched an extensive series of gel retardation experiments to scan the -2172 to -1180 fragment for the binding site of a protein limited to B cells. Nineteen overlapping 30-to 650-base-pair fragments were incubated with nuclear extract from either the B-lymphoma line M12 or the fibroblast line LMTK, and the resulting DNA-protein complexes were analyzed by the gel retardation assay. A believable and reproducible difference between the M12 and LMTK extracts was observed only with fragments abutting position 1180 (data not shown).
To facilitate a more precise definition of the binding site of the putative B-cell-specific protein, we prepared a 38-basepair double-stranded oligonucleotide spanning positions -1219 to -1182 ( Fig. 1 difference being that M12 but not LMTK cells have the protein represented by band 1. It is evident that other complexes form on the 38-mer. Their specificity was investigated in a series of methylation interference and competition experiments (data not shown; see below). Band 1 and band 2 proved to correspond to proteins making specific contacts on the DNA. They will hereafter be referred to as NF-W1 and NF-W2, and their common binding site (see below) will be termed W. The other complexes will not be discussed in this report; we have judged each one less interesting than the NF-W1 and NF-W2 complexes for one (Fig. 5A) , this procedure substantially im-K proves visualization of both proteins.
That NF-W1 and NF-W2 make distinct contacts on their common binding site was established by methylation interference experiments with the purified material (Fig. 5B ). It appears that NF-W1 is more dependent on one of the G 0 0 | w -" residues on each strand; i.e., the contacts are GTTGCATC for NF-W1, and CAACGTAG for NF-W2.
S
A greater dependence of NF-W1 on the external G of the antisense strand is also suggested by gel retardation assays with mutated W oligos (Fig. 5A) (Fig. 4A) , NF-W1. The incubated material was loaded onto a gradient eatment. This polyacrylamide gel along with a series of protein size mark--2 is induced ers. By comparing the migration of the two complexes with ectable much the migration of the marker proteins, we arrived at a Fig. 4C) (6, 15, 16, 22, 25, 36) and for DNA-binding fingers (28) .
The protease sensitivity of the W complexes was examined by using purified fractions that contain essentially only NF-W1 or essentially only NF-W2. The purified fractions were incubated with the W oligo and then treated with increasing amounts of proteases before electrophoresis on a neutral polyacrylamide gel (Fig. 7) . Two important points emerge. First, both NF-W1 and NF-W2 have a proteaseresistant DNA-bound core detectable with all three enzymes and with subtilisin B (data not shown). Second, the NF-W1 and NF-W2 cores appear very similar in size-charge after digestion with each of the three proteases.
It was clearly of interest to determine whether the DNAbinding domains of NF-W1 and NF-W2 retain the differential binding properties of the intact proteins. To answer this question, we needed to produce a protease-resistant core with uncomplexed protein and to show that it is still capable of binding to the W oligo. This was possible after proteinase K but not after trypsin digestion. Therefore, we performed a methylation interference mapping experiment, comparing the patterns obtained with purified, proteinase K-digested NF-W1 and NF-W2 fractions. As is evident from a comparison of the rightmost panel of Fig. 7 with the righthand panel of ng. After a 15-min incubation, the digested samples were electrophoresed on the standard nondenaturing polycarylamide gel. For the methylation interference experiment depicted in the rightmost panel, the purified CH27 extracts were first treated with 20 ng of proteinase K for 15 min. A 30-min binding reaction was then conducted by using the digested extracts, 120 ng of poly[d(I-C)], and methylated 32P-labeled W oligo. The incubated samples were electrophoresed on a nondenaturing gel, and bands were located by autoradiography. After electroblotting, elution, and cleavage, the DNAs were displayed on a sequencing gel. F, free DNA. B, DNA from the more slowly migrating band of the core doublet produced by proteinase K. The lower band of the doublet gives exactly the same pattern as the upper band, and so is not shown. The arrow indicates the external G on the antisense strand whose methylation inhibits the binding of NF-W1 but not of NF-W2 (cf. Fig. 5B ).
antisense strand (arrow, Fig. 7) . The DNA-binding cores of NF-W1 and NF-W2 thus show the same differential binding characteristics as the entire proteins.
(iii) Cross-linking products. A potentially powerful tool for studying the structure of a protein-DNA complex is crosslinking analysis. We have used formaldehyde to cross-link the NF-W1/W-oligo and NF-W2IW-oligo complexes in gel slices derived from a typical gel retardation experiment. After progressively longer times of formaldehyde treatment, the cross-linked complexes were electroeluted and then electrophoresed on a sodium dodecyl sulfate-polyacrylamide gel together with protein size markers. Fig. 8 illustrates a typical experiment. The cross-linked NF-W1/W-oligo complex migrates as a single, sharp band to a position indicative of a molecular mass of 64 kDa. The band is faintly visible after 5 min of formaldehyde treatment and increases in intensity with longer fixation times. In contrast, the NF-W2/ W-oligo complex gives rise to two cross-linked products. One appears to be the same 64-kDa band seen with NF-W1; the other migrates as a diffuse band to a position indicative of a molecular mass of about 82 kDa. Both bands are evident after only 5 min of formaldehyde fixation; the ratio of the lower to the upper band is maximum at the shortest times.
The molecular mass value obtained for the cross-linked NF-W1/W-oligo complex (64 kDa) is in fairly good agreement with that calculated after pore gradient gel electrophoresis of the native complex (74 kDa). Likewise, the molecular mass of the largest cross-linked NF-W2/W-oligo complex (82 kDa) is similar to that estimated for the native complex (94 kDa). The range probably reflects differences in the techniques employed, in particular, variation in the contribution of the oligo tag when measured by pore gradient versus sodium dodecyl sulfate-polyacrylamide gel electrophoresis. It (15) . This argument is rendered more convincing by the demonstration that purposely proteolysed NF-W1 and NF-W2 DNA-binding cores also display distinct patterns of contact sites. Third, proteolysis experiments with four enzymes (proteinase K, pan protease, trypsin, and subtilisin B) show no evidence of a conversion of NF-W2 into NF-W1. In fact, a major proteolysis intermediate of gives rise to a band in gel retardation assays just below the NF-W1 band, and DNA from this band has a methylation interference footprint indistinguishable from that of NF-W2 (Fig. 7 , W2 panels and Fig. 5, panels A and B) . Thus, if proteolysis is involved in the conversion of NF-W2 to NF-W1, it must be highly specific to yield a product with a higher affinity for its binding site than the native protein.
It is also conceivable that NF-W1 and NF-W2 actually derive from the same gene. Alternative splicing or posttranslational modifications could then give rise to related but distinct DNA-binding proteins. Precedents certainly exist for such posttranscriptional events influencing the expression of transcription factors (2, 3, 35, 39) .
Relationship between NF-W1, NF-W2, and previously described DNA-binding proteins. Are NF-W1 and NF-W2 related to previously described DNA-binding proteins specific for B lymphocytes? The most likely relatives of NF-W1 and NF-W2 are NF-A2/OTF-2 and NF-A1/OTF-1 (11, 34, 37, 41) . The sites recognized by these two protein pairs are highly related, GTTGCATC versus ATTTGCAT, and the fact that both sites attract a ubiquitous and a B-cell-specific protein is quite suggestive. In addition, NF-W1 and NF-A2/ OTF-2 have similar kinetics of induction by LPS in 70Z/3 cells ( Fig. 4A and B) . They also have similar molecular masses (around 60 kDa [37] ). Nonetheless, the two protein pairs are clearly distinguishable. An unlabeled immunoglobulin octamer oligo does not compete with a labeled W oligo for the binding of either NF-W1 or NF-W2 (data not shown). In addition, the bands detected in gel retardation assays with the two oligonucleotides are clearly different ( Fig. 4A and  B) . Finally, some extracts (e.g., M12) contain NF-W1 but not NF-A2/OTF-2 (data not shown).
NF-W1 and NF-W2 are also distinguishable from NF-KB by a number of criteria. First, an unlabeled B oligonucleotide is unable to compete with a labeled W oligonucleotide for the binding of either NF-W1 or NF-W2 (data not shown). Second, gel retardation assays show distinctly different patterns with the two oligo probes (Fig. 4A and C) . Third, the kinetics of induction of NF-W1 and NF-KB by LPS in 70Z/3 cells are not the same (Fig. 4A and C) . Competition experiments also established that NF-W1 and NF-W2 are not the Pu box-binding protein, the protein which binds specifically to the Ephrussi sequences ,u-E3 and K-E3 or the CCAAT-box-binding protein NF-Y (data not shown).
In summary, we describe a pair of proteins which show specificity for the same DNA sequence, but interact with it in a distinguishable fashion. We have yet to establish exactly what role the two proteins play in the regulation of Ea gene transcription. We do know that the W motif is part of a complex enhancer (21) . Can the striking correlation between the cell-type distribution of NF-W1 and NF-W2 and the activity of the enhancer, which according to its context exhibits ubiquitous or B-lymphocyte-specific activity, be overlooked?
